Coral population structure is determined mainly by the larval settlement and recruitment pattern of sclerectenian corals. This pattern is mainly influenced by various environmental parameters such as temperature, pH, salinity, depth, current velocity and direction, tidal variations and turbidity. Experiments reported here examine the impacts of turbidity on the spatio-temporal distribution patterns of larval settlement of Indo-Pacific coral, Pocillopora damicornis at Polhena reef of Southern Sri Lanka. The experiment was conducted in four sites. Depending on the topography and the characteristics of the reef substrate each site was further divided in to three locations as reef crest, mid reef flat and reef lagoon.
Introduction
The presence of a healthy coral population is important for reef health, and also critically important for the ecosystem goods and services they provide to maritime tropical and subtropical nations (Moberg and Folke 1999) . Many of them are important to local economies and subsistence in more than 181 countries that have coral reefs (Wilkinson 2004) . However, Reefs are in serious decline worldwide (Gardner et al. 2003; Hughes et al. 2003; Pandolfi et al. 2003) an estimated 30% are already severely damaged, 11% of the original extent of coral reefs has already been lost (Wilkinson 2000) and close to 60% may be lost by 2030 (Wilkinson 2002 ). An estimated 58% of reefs are classified as threatened (Bryant et al. 1998) . Therefore, at present, there are no pristine reefs left . The causes for coral decline are thought to include a combination of direct anthropogenic factors, such as overfishing, pollution, and sedimentation (Rogers and Beets 2001) , as well as climate change and natural disturbances (Aronson and Precht 2001) .
Tropical coral reefs are increasingly threatened by shifts in the world's climate, overfishing and declining water quality (Knowlton 2001; Wilkinson 2002; Hughes et al. 2003) . They are particularly sensitive to increasing temperature and many other stressors making coral reef ecosystems especially vulnerable to global climate change (Donner et al. 2005) . On a global scale, the most serious destruction of corals is due to bleaching (Hoegh-Guldberg 1999) . In addition to eventually killing corals, bleaching affects coral populations by greatly reducing the reproductive capacity, reducing the growth rate, and increasing the susceptibility to secondary diseases (Fine 2001) , which have been found increased in frequency, intensity, and geographic extent over the last few decades (Rosenberg and Benhaim 2002) . In addition to that, rapid increase in atmospheric Carbon Dioxide concentrations ([CO 2 ] atm ), by driving global warming and ocean acidification may be the final insult to coral ecosystems (Hoegh-Guldberg et al. 2007) . As a result, almost all coral reefs in the world are in highly stressed and degraded condition.
Global climate change and associated events are highly linked with coastal pollution (Jones et al. 2004 ) and regional weather changes. The consequent changes in the physico-chemical environment are evidently the major reason for coral reef community susceptibility and ecosystem fragility (McClanahan 2002) . Number of other environmental factors, such as increased seawater temperature, (Muscatine et al. 1991) increased irradiation (Gleason and Wellington 1993) and reduced salinity (Woesik et al. 1995) have been suggested to cause stressful conditions. Suspended sediments are almost universally recognized as having inhibitory or negative effects on reef communities (McLaughlin 2003) , and the related turbidity can affect the ecology and composition of reef communities (Stafford-smith 1993) . Reduced light availability, which is the primary energy source for clear water corals (Anthony and Fabricius 2000) and increased energy demand for self cleaning activities therefore hamper other vital functions like feeding (Abdel-Salem and Porter 1989), growth and reproduction (Barnes and Lough 1999) and fecundity. Suspended sediment inhibits fertilization, larval survival and larval settlement (Gilmour 1999) and also physically abrades larvae, or may be detrimental to water quality. The presence of suspended material may lessen the water quality and increase concentrations of bacteria that would affect larval survival.
The spawning event of most scleractinian corals shows a seasonal and temporal variation with a well-defined lunar periodicity. For example, the spawning of the genus Pocillopora, varies from reef to reef and also from species to species (Fan et al. 2002) . Harriott (1983) found out that the lunar periodicity of P. damicornis planula is a geographically variable phenomenon, and shows variation even within the same locality. The pattern may even differ between different morphs within the same location (Tanner 1995) . For example, in Hawaii, one morph of P. damicornis displays peak planula release between first quarter and full moon, while another peak around three quarter moon (Richmond and Jokiel 1984) . This phenomenon has been widely studied throughout the Indo-pacific (northern Great Barrier Reef: Marshall and Stephenson 1933; Harriott 1983; Palau: Hawaii: Harrigan 1972; Enewetak, Red Sea: Richmond and Jokiel 1984; Western Australia: Stoddart and Black 1985) .
There are number of factors affecting the settlement pattern of coral larvae. Pre-settlement factors, such as orientation of settlement for sedimentation and light levels may play an important role in determining reef-scale distribution patterns (Babcock and Mundy 1996) . Specially, the first months of development are influenced by sediment and filamentous turf algae (Babcock and Mundy 1996) . Major post-settlement factors are predation and competition. They could rapidly alter the abundance and distribution of coral spat (Fitzhardinge and Bailey-Brock 1989) .
Coral larval settlement and recruitment have been previously shown to respond to various forms of stress factors and levels. Most of the studies conducted to date have focused on testing under different environmental conditions. They are, oil pollution (Rinkevich and Loya 1979; Negri and Heyward 2000) , sediments (Hodgson 1990) , temperature (Edmunds et al. 2001; Bassin and Sammarco 2003; Brooke and Young2005; Baird et al. 2006 ) and bleaching (Szmant and Gassman 1990) , pesticides or heavy metals (Reichelt-Brushett and Harrison 2000; Negri and Heyward 2001; Negri et al. 2002) , salinity changes (Vermeij et al. 2006; Richmond 1994) , intraspecific competition (Rinkevich and Loya 1985) , ultraviolet radiation (Welington and Fitt 2003), estimating median survival time (i.e., the point at which 50% of the cohort have died) (Harii et al. 2002; Nishikawa and Sakai 2005; Nozawa and Harrison 2005) and the physical damage (Van Vegel and Bak 1994) . However, the knowledge about the effect of turbidity regime under natural conditions on the settlement patterns of scleractinian coral is lacking.
It is evident that differences exist among scleractinian corals with respect to survival and growth after settlement. This could be related to their life history strategies, or to the other external environmental factors. Turbidity is one of the important environmental factors affect on the settlement and recruitment of coral larvae. The main hypothesis we tested in this study was that the settlement patterns are independent to different the turbidity levels. During this study, we tracked association between the larval settlement pattern of P. damicornis and the variation in turbidity levels in Polhena reef of Southern Sri Lanka.
Materials and methods

Study area
The experiment was conducted in Polhena reef (05° 56.176'N, 80° 31.591'E) of southern coast of Sri Lanka (Fig 1) . The reef is fringing type, stretching east-west paralleled to the coast. The eastern end of the reef is exposed to excess nutrient and sediment influx from the nearby Nilwala River which drains to the sea at 1 km distance from the reef. Southern coastal area receives heavy rains during May to August period, accompanied by heavy rains and rough sea conditions. September-November period is the inter-monsoon, the wind direction is often variable and frequently accompanied by rains. Between December and April, winds are generally weak, the weather is dry and the sea is calm. 
Sites and locations
Four sites were selected along Polhena reef representing the whole stretch of the reef. The site 1 located near to the Nilwala River outfall with strong waves passing along the site. The site 2 is westward to the site 1 and site 3 is further westward. This site showed the highest human activities with excess reef walking and high fishing pressure. Site 4 is the most westward with relatively high water clarity. Each site was divided into three locations according to the topography of the reef namely reef crest, reef top and reef lagoon (Table 1) . Reef crest was the most seaward location while reef lagoon was the most landward location. Reef top was situated between reef crest and reef lagoon.
Candidate species
The species selected for the study, P. damicornis is abundant in the area and is considered as the most successful colonizer during the recovery of disturbed coral reefs (Wallace 1985) . This species is the best studied scleractinian species with respect to patterns of planulae release and settlement preferences (Harriott 1983) . It shows great deal of morphological differences according to the habitat differences and also the number of planulae released and gonad development varied considerably among colonies (Harriott 1983) . The species displays a marked seasonal variation in reproductive output, with nearly all reproductive activity occurring over the warm summer months (Tanner 1996) .
Larval settlement patterns
Settlement plates of suitable materials could provide reliable measures of benthic life-history traits (Mundy, 2000) . In this light, we used terracotta tiles as artificial coral larval settlement surfaces for P. damicornis. At each location, ten tiles were directly attached to the reef using cable ties exposing the non-glazed side.
Tiles were retrieved in each three months interval, bleached, dried and all P. damicornis coral spats were counted.
Environmental parameters
Turbidity was measured in nephelometric turbidity units (NTU) using a turbidity meter (HACH 2100P digital portable turbidity meter). At each location, measurements were taken in situ at monthly intervals. Care was taken to measure the turbidity at the same depth and the time (9 -10 hrs.) of the day during data collection. More than 80% silt and sand cover with occasional sea grass patches. Contains some boulder type dead coral patches. Rubble cover increases towards the outer edge of the lagoon. Depth range up to 1m.
Statistical analysis
Temporal distribution pattern of environmental data and coral settlement data were visually analyzed using Microsoft office Excel package. Temporal variation between sites and locations was assessed using ANOVA (repeated measures) method followed by Tukey's pair wise comparison test. SPSS (Statistical Package for Social Sciences, version 15.0) was used in parametric tests. Primer (Plymouth Routines In Multivariate Ecological Research) v6 was used for non parametric tests. Recruitment data and turbidity measurements were first analyzed using Multi Dimensional Scaling (MDS) with no data transformation in Bray Curtis similarity matrix. MDS ordinations for P. damicornis settlement pattern and turbidity variation were compared using RELATE test to assess the relationship between them. The null hypothesis tested was that, there is no relationship between the settlement pattern and turbidity variation, hence ρ will be approximately zero.
Results
Variation in P. damicornis settlements
The highest coral larval settlement rate was observed in May and the lowest in February (Figure 2 ). Temporal variations of coral larval settlement pattern indicated that there was a significant difference in settlement peaks during the year (F 3, 72 =140.495, P<0.000). Coral settlement pattern varied significantly between sites (F 3, 24 = 8.135, P<0.001) and also between locations (F 2, 24 =58.347, P<0.000). However no site and location interaction was observed. 
Variation in turbidity
Turbidity levels changed significantly with the time (F 11, 264 =77.147, P<0.000,) (Figure 3) . Highest levels were observed in March (4.44±1.10 SD NTU), the first part of the year, and the values decreased towards the end of the year. The lowest values were observed in October (1.68±0.11 SD NTU). Turbidity values showed significant variations between sites (F 3, 24 =12.523, P<0.000) and between locations (F 2, 24 =116.870, P<0.000). There was no site and location interaction observed. 
Relationship between settlement pattern and turbidity regime
MDS ordinations for larval settlement rates and turbidity levels were almost identical (Figure 4) . Settlement rates showed a grouping between locations (L1, L2 and L3) ( Figure. 4A ). Turbidity variation showed the similar pattern ( Figure B) . In both MDS plots, the Kruskal stress value < 0.1 indicating the grouping between locations to be significant. The RELATE results emphasize the relationship between two independent variables. Out of 999 permutations, only 30 permuted statistics were greater than ρ. The sample statistics (ρ) obtained in RELATE test for settlement and turbidity was 0.251 and the significant level of the sample statistics was 0.031 (3.1%), which is less than 0.05 probability level ( Figure 5 ). This result rejects the null hypotheses that there is no relationship between two similarity matrices obtained from coral larval settlement data and turbidity variation data, and hence accepts the alternative hypothesis that there is a significant relationship between these two parameters. 
Discussion
P. damicornis settlement pattern showed a significant variation with the time, sites and locations (Nozawa and Harrison 2002; Miller and Mundy 2003; Nishikawa et al. 2003; Harrison 2006) . The highest amount of coral settlement rate was observed in May and the lowest in February tile collections. The main reason for this is probably the coral spawning during the March -May period. Glassom et al. (2004) observed the same recruit pattern during spring to mid-summer (March and June) at Eilat, Red Sea. Settlement peaks observed in August and November are secondary peaks, most likely from secondary spawning events occurred in JuneAugust and September -November periods respectively. This is especially true to corals that are known to have wide temporal variation in their levels of reproduction (Hughes et al. 2000) . However, the August and November peaks might also be a result of the initial spawning occurred in March -May period. The most likely reason is that some larvae are spending a considerable time in the water column in a planktonic state. For example, Richmond (1987) and Harii et al. (2002) showed that, for brooding species such as P. damicornis, the competency period of planula exceeded 100 days in the Marshall Islands and the Ryukyu Archipelago. Harii et al. (2002) also showed that the competency period of Heliopora coerulea was 30 days in the Ryukyu archipelago. In addition to that, secondary settlement peaks can be resulted by delayed settlements, caused by low temperature and consequent slow development (Pearse et al. 1991) .
Turbidity is an aggregate property of water. It, in open water may be caused by growth of plankton and suspended sediments including silt, mud, chemical precipitation and bacteria. Human activities that disturb lands such as deforestation, farming, urbanization, and construction activities can lead to high sediment levels in water bodies due to rain runoff.
Each year turbidity values were low from July to January. The maximum range was observed in the March -May period. These values were not consistent with the monsoonal pattern in the area. The South -West monsoon period starts in May and lasts until August. Inter monsoon period lasts from September to November. However during this rainy season, the observed turbidity levels remained low.
The most likely explanation for this turbidity regime is the mixing of suspended material rich river discharge, with oceanic currents and the consequent changes of oceanic currents according the weather pattern. Experimental evidence suggests that turbidity concentrations are detectable over a much greater area in major river plumes that directly enter to the oceanic environment, (Cresswell and Tiledesley 2000) . However, this phenomenon is well known among local fishermen. They have observed for decades, that the surface layer of the reef lagoon is covered with turbid brackish water during particular periods of the year even without the monsoon rain. During other parts of the year the reef lagoon is filled withclear marine water. Ogston et al. (2004) , Storlazzi et al. (2004) and Presto et al. (2006) observed that re-suspension of reef sediments is linked to tidal variation and wind pattern, and is greatest during high tide because offshore wave energy more effectively propagate over the reef crest. However, the oceanographic sediment transport mechanism in shallow water reef environment is largely unexplored (Hoitikn 2003) , particularly in Sri Lankan context. Since these mechanisms determine the regional dispersion of terrigenous sediment and its availability in the inshore waters, the understanding of such mechanisms are essential.
I found that the spatio-temporal variation of P. damicornis settlement pattern and turbidity regime was significantly related at Polhena reef lagoon. Turbidity is an important environmental parameter in reef environment that affects negatively on the physiology and the reproductive pattern of scleractinian corals. Reduced fecundity (Kojis and Quinn 1984) , reduced gamete formation and larval development and settlement, reduced recruit and juvenile density and diversity, increased juvenile mortality (Tomasick and Sander 1987; Tomasick 1991; Hunte and Wittenberg 1992; Wittenberg and Hunte 1992) , low coral recruitment (Mortn 1994; Hodgson and Yau 1997) and inhibition of coral larval settlement (Hodgson 1990; Hodgson and Walton Smith 1993) are major impacts of higher sediment loads in marine environments.
Corals and coral reefs can grow and survive in turbid water (Anthony 2000) . However, turbid water corals and coral reefs experience more stressful conditions. It has been demonstrated that increased turbidity and siltation in the coastal zone are potential causes of coral reef degradation (James et al. 2002) . Some of the major impacts of reef destructions are disappearance of sensitive species, declining of biodiversity (Hodgson, 1990; Hodgson and Walton Smith 1993) and few zooxanthellate octocorals and disappearance of giant clams (Tridacna spp.) (Mortn 1994; Hodgson and Yau 1997) . Further, increased turbidity cause stressed conditions to corals and other marine invertebrates. e.g., high turbidity (28-30 NTU) increased mucus production (Telesnicki and Goldberg 1995) . High turbidity levels can block light from reaching lower depths of water bodies, which can inhibit coral growth, inhibit submerged aquatic plants and trap sediment by increased algal growth. Walker and Ormond 1982 observed fourfold increase in mortality and inhibition of calcification in Stylophora pistillata in high turbid waters.
The present study provides a broad insight on the effect of turbidity on the settling pattern of coral spats, but simultaneously stresses the need for additional research for a better understanding. More specific investigations are required to study the effect of different levels of turbidity, multiple environmental parameters, coastal mixing of river runoff and effects of ocean currents in coastal waters on different coral species, and indigenous knowledge on coastal current patterns.
